This paper describes the fatigue behaviour of newly developed all-polypropylene (all-PP) tapes and composites, with reference to the composite processing conditions, testing temperature and making a comparison with commercial alternatives. All-PP tapes are highly oriented and their failure behaviour follows that of other highly oriented polymers. All-PP woven composites fail ultimately due to PP tape failure. However, this failure mode is accompanied by delamination of fabrics in the woven structure. Consolidation pressure plays a decisive role in controlling the interlaminar properties and hence the delamination resistance and furthermore the fatigue limit of the composite. Comparison of all-PP woven composites with commercial alternatives based on glass and natural fi bres reveals the excellent relative performance of all-PP composites under fatigue loads. Fatigue properties of all-PP composites are however sensitive to the testing temperature, and elevated temperatures can lead to a rapid reduction of the fatigue resistance of these all-polymer systems.
INTRODUCTION
All-polypropylene (all-PP) or selfreinforced composites have been proposed to replace traditional fi bre reinforced PP composites (glass fi bre (GF)/PP or natural fi bre (NF)/PP)) for automotive applications due to their environmental friendly nature. All-PP composites have specifi c economic and ecological advantages over composites based on GF or NF since, upon recycling of all-PP composites, a polypropylene blend is obtained which can be reused to make all-PP composites, or alternatively, they can be used for other PP-based applications. The issue of recycling is of particular relevance to the automotive industry with the recent End-of-Life Vehicle Directive of the European Union aiming to increase the rate of recycling of all vehicles to at least 95% of average weight by 2015 1 .
Although recyclability is a very important issue, cost of manufacturing and mechanical performance remains of key importance for many engineering applications, including the automotive industry. Two main routes have been recently proposed to manufacture such composites. The 'hot compaction' process developed at the University of Leeds 2 is a possible route, which has also been investigated for a range of polymers in addition to polypropylene [3] [4] [5] . This new processing method is highly innovative as it welds fi bres together rather than using a discrete polymer matrix to impregnate them, but it suffers from a rather small processing temperature window (1-2 °C) 6 . In order to overcome this problem an alternative route was proposed by Peijs and coworkers 7-12 based on the consolidation of co-extruded fi bres/tapes. The newly developed all-PP composites make use of high modulus PP homopolymer tapes, which are co-extruded with a thin coating of a PP copolymer. This means that all-PP composites possess a high volume fraction (~90%) of highly oriented PP reinforcement and ~10% volume fraction of a copolymer layer which acts as the matrix. A temperatureprocessing window of >30 °C can be achieved using this method 7 . The shortterm mechanical properties of such all-PP composites (unidirectional (UD) and woven) were recently studied in detail [7] [8] [9] [10] [11] [12] . These studies reveal the feasibility of all-PP composites as replacement for traditional PP reinforced composites, under static loads. In this study the longterm performance of these all-polymer composite systems under cyclic loads (i.e. fatigue) is presented.
FATIGUE OF POLYMERS AND POLYMER COMPOSITES
Fatigue of materials has enormous practical implications since in real *Corresponding Author: t.peijs@qmul.ac.uk (Ton Peijs)
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applications service loads are rarely purely static. It has been estimated that over 80% of all service failures of structural materials can be traced to fatigue 13 . Failure development due to the fatigue of oriented polymers (i.e. fi bres) and polymer composites is a rather complex phenomenon, which depends mainly on the loading conditions, as well as the nature of the examined systems. In the case of oriented fibres, the degree of macromolecular orientation, the level of crystallinity and the structure and morphology of the sample, as well as the testing temperature are decisive parameters for their fatigue life [14] [15] [16] [17] [18] . For polymer composites, the fi bre-matrix adhesion [19] [20] [21] [22] [23] [24] [25] [26] , the fi bre properties, fi bre volume fraction and fi bre type 24, [26] [27] , the fibre distribution and lay-up confi guration 22, 24, [27] [28] [29] and the matrix properties 22, 30, 31 are the most signifi cant parameters. Nevertheless, it should be noted that not only internal parameters (material properties) but also external ones, such as manufacturing/processing conditions and service temperature 32, 33 , could have a great infl uence on the fatigue life of a composite system.
The fatigue behaviour of materials is conventionally characterised by a Wöhler or S-N curve. It has been suggested that the overall S-N curve of both highly oriented fi bres and fi bre reinforced polymer composites has three stages, the initial stage (Stage A), the progressive stage (Stage B) and the fi nal stage or fatigue limit (Stage C). These three stages however have a different origin for each system. In the case of oriented polymeric fi bres, a considerable structural change takes place in Stage A at a relative high rate 34 . Stage B starts with a sharp decrease at which fi bre properties and dimensional changes occur, and in Stage C the failure process is completed with rapid propagation of a crack across the specimen.
Stages A and B are however not always separable because structural changes in the initial period are inevitably accompanied by the breaking of primary chain bonds and, as a result, the formation of micro-cracks. It has been suggested that the structural change during fatigue is an overall degradation, which involves both rupture of tie chains and sliding motion of fi brillar elements 18 . On the other hand in conventional fi bre reinforced polymer composites, Stage A shows a nearly constant behaviour where the number of cycles to failure depends more on the statistical strength distribution of the fi bres and on the stress concentration from fi bre breaks than on the stress level. The operative mechanisms are similar to those in static failure and can be regarded as chaotic in the sense that it is next to impossible to predict the lifetime distribution due to its sensitivity to the slightest variation in the state of damage developed in the fi rst loading cycle 27, 30, [35] [36] [37] [38] .
Stage B presents more classical fatigue behaviour, where the S-N correlation can be described as a power law function. Candidate damage mechanisms responsible for the downward slope of this region are fi bre breakage, debonding, matrix yielding, crack coalescence, fibre bridged cracking etc 27, 30, [38] [39] [40] [41] . Finally Stage C suggests a fatigue limit where an infi nite lifetime is found below a given stress or strain level, i.e. the fatigue strength. In this region, the damage is constrained and arrested by further growth by the fi bres. Smallscale debonding can have a crack retarding or arresting effect in Stage C 27, 30, 38, 41 .
Since fatigue performance is of key importance for the design in industry, the main scope of this study was to investigate the fatigue behaviour of all-PP tapes and woven composites, and to recognise and understand the failure mechanisms that prevail during fatigue. As these composites are to replace conventional composites such as glass mat reinforced thermoplastics (GMT) and natural fi bre mat reinforced thermoplastics (NMT) a comparison was made with the fatigue behaviour of these materials.
EXPERIMENTAL

Material Manufacturing
The tapes throughout this investigation were co-extruded three-layer tapes, with an A:B:A (copolymer:homopolymer: copolymer) structure, manufactured by Lankhorst Indutech BV (The Netherlands). The tape properties are summarised in Table 1 . These tapes were woven into a plain weave fabric with a density of ~100 g.m -2 by BW Industrial BV (The Netherlands). Previous investigations showed that manufacturing conditions (consolidation pressure) play a very important role in the static properties of all-PP woven composites 9, 11 . To establish the effect of varying the compaction pressure on the properties of all-PP composites, two different techniques were used to consolidate the woven fabrics into composite plates. For high pressures (around 2.5 MPa), a belt press technology was used (IVW Kaiserslautern, Germany). A compaction temperature of 145 ºC was found appropriate to get a good consolidation. The specimens will be referred hereafter as belt-pressed woven all-PP composites (BP-all-PP). To accurately compact specimens at low pressures (around 0.1 MPa), the vacuum bagging technique was employed. Compaction temperature was again 145 ºC. These specimens will be referred to as vacuumbagged woven all-PP composites (VB-all-PP). Previous references give details on both manufacturing techniques 9 . In addition to PP tapes and all-PP composites, two types of fi bre reinforced PP were used for comparison. The fi rst was Symalit , (hereafter referred to as GMT) and was a random glass fi bre reinforced PP with a fi bre weight fraction of 23% while the second was a random natural (fl ax) fi bre reinforced PP (hereafter referred to as NMT) with a fi bre weight fraction of 30%, both manufactured by Quadrant Composites, Switzerland.
Testing Procedure
Static Tests
The static tests were performed on an Instron 5584 tensile testing machine. The machine was equipped with different load cells (i.e. 500 N for the single tape tests and 10 kN for the composite specimen test) and a data acquisition computer. For the tape, fi bre clamps were used to minimise failure within the gripping region. Wedged grips clamps were used for all-PP, GMT and NMT composites in order to avoid slipping of the specimens. All tensile tests were performed at 5 mm.min -1 . Each test was performed at least three times. The stiffness (tensile modulus) of the tape and that of the composite specimens was calculated at a strain range of 0.05% -0.2%. In all cases this proved to be a linear and reproducible region of the stress-strain curve. All-PP tapes had a length of 250 mm. The dimensions of the test coupons were 15 mm x 210 mm x 1.7 mm for all-PP woven, while GMT and NMT test specimens were of similar dimensions but of different thickness, 2 and 4 mm respectively.
Strength Distribution
In order to determine the strength distribution of all-PP tapes, 30 specimens were tested with lengths of 50 and 500 mm. Similar tests were performed on all-PP composite laminates (BP-all-PP and VB-all-PP), with a length of 210 mm, to examine the uniformity of the composite plates after consolidation.
Weibull statistical analysis was used to evaluate the experimental data, mainly to compare the Weibull modulus of all-PP tapes, which is a measure of their variability in strength, with other reinforcing fi bres.
Fatigue Tests
Fatigue tests were performed on an Instron 8500 servo-hydraulic test machine with complementary data acquisition computer and software.
The system was operated under load control, applying a harmonic tensile stress with constant amplitude. By specifying the maximum and the minimum stress levels, the other stress parameters could be easily determined. These were the stress range, σ r , stress amplitude, σ a , mean stress, σ m , and fatigue stress ratio, R (=σ min /σ max ).
Tension-tension fatigue tests were carried out throughout this study at a frequency of 3 Hz at a stress ratio R of 0.1. In order to avoid heating effects a frequency of 3 Hz was selected.
A thermocouple was occasionally applied to the specimen surface during testing, and the increase in temperature was monitored. Its increase never exceeded 3 °C for all specimens. Global isothermal testing conditions can therefore be assumed. Almost all experiments were performed at room temperature (RT).
In order to investigate the effect of operating temperature on the fatigue behaviour of all-PP composites, their fatigue properties were also measured at 80 °C. Fatigue tests were carried out at different stress levels between the ultimate tensile strength (UTS) and the fatigue limit, resulting in so-called Wöhler or S-N curves, which show the relation between the maximum stress and the number of cycles to failure. Tests exceeding the 10 6 cycles were terminated. Specimens that failed in or close to the grips were discarded. The geometry of the all-PP samples was the same as those used for the tensile characterisation.
Residual Properties after Fatigue
Residual properties after fatigue of all-PP-BP composites were measured in order to investigate the damage development in these composites.
Fatigue was performed at a low stress level (i.e.125 MPa). Tests were stopped after different number of cycles (10 2 , 10 3 , 10 4 , 10 5 , 5 x 10 5 ) before failure. The residual tensile properties of the fatigued specimens were then measured in order to obtain the reduction in mechanical properties as a function of the fatigue cycles. The fatigue and the tensile tests were conducted in the same way as previously described. Specimens that failed in or close to the grips were discarded. All tests were performed at least 3 times in order to ensure reproducibility.
Acoustic Emission and Macroscopic Images
Acoustic emissions of the specimens during failure was also monitored using a 15 mm differential sensor, connected to a 40 dB 1220A preamp and AEW in data acquisition software manufactured by Physical Acoustics Ltd, UK. An analogue fi lter was applied with upper and lower thresholds of 2 MHz and 100kHz respectively, and a gain of 60 dB. A high viscosity grease was used to couple the acoustic emission sensor to the specimen.
For the macroscopic images, a highresolution digital camera was used.
WEIBULL ANALYSIS
The statistical variability of the tensile strength of reinforcement fi bres is commonly reported in terms of the Weibull modulus 42, 43 . The Weibull modulus is a parameter used to illustrate the distribution of strength in materials, which break at defects according to weakest link statistics. This distribution is usually described by means of the two-parameter Weibull equation 42 , which is of the form:
where P f(L) is the probability of failure of a fi bre of length L at a stress less than or equal to , 0 is the Weibull scale parameter or characteristic stress, and w is the shape parameter or Weibull modulus which, as aforementioned, describes the variability of the failure strength. Rearrangement of the two-parameter Weibull cumulative distribution expression (Equation (1)) gives the following:
and hence the scale and shape parameters can be obtained from a plot of lnln (1/(1-P f )) versus ln (commonly referred to as a Weibull plot), which should produce a straight line, with gradient w and intercept o at lnln (1/ (1-P f ))=0. If fi bres of different gauge length are tested o will be different for each length, but w is expected to be constant. A low value of w indicates a high variability and vice-versa. A satisfi ed value of Weibull modulus is often larger than 10.
This model has been shown to be valid for brittle fi bres, and describes well the size effects in such materials 44 . However, there has been a debate on the applicability of this model to oriented polymeric fibres [44] [45] [46] [47] [48] . Bastiaansen 45 showed that ultra-high-molecularweight-PE fi bres had similar strength over a very wide diameter distribution. Consequently, Weibull analysis cannot be used either to extrapolate data for different gauge lengths or to describe size effects. It has been shown 47, 48 , however, that Weibull analysis can be used to compare the strength data distribution of different polymeric fi bres through a comparison of their Weibull moduli.
RESULTS AND DISCUSSION
Strength Distribution of All-PP Tapes and Consolidated Composites
It is well known that in conventional polymer composites Stage A is mainly dominated by the statistical strength distribution of the fi bres. Inhomogeneities in the reinforcing elements, as well as variations in the strengths of composite constituents can result in large variations in strength or fatigue life from specimen to specimen. Since all-PP tapes are the constituent element in all-PP composites, their strength distribution was characterised using Weibull analysis, which gives a measure of their variability in strength. When a composite contains fi bres that exhibit a large variability in strength, fi bre breakage will occur before fi nal composite failure. Furthermore, this progressive fi bre breakage mechanism can lead to interfacial debonding 27 . It is well known that glass fi bre strength is governed by impurities and fl aws. Natural fi bres, on the other hand, present a range of characteristics depending on their origin, treatment, processing etc. The differences in performance of natural fibre composites are strongly related to their internal microstructure [49] [50] [51] . Therefore, fi bre strength distribution controls the short-term fatigue properties in glass fi bre and natural fi bre composites. However, all-PP composites are quite different in the sense that PP fi bres are less brittle and therefore less sensitive to cracks. Figure 1 presents the Weibull plots obtained in the case of all-PP tapes for the two test lengths 50 and 500 mm. The data were fi tted using the least squares method; the two-parameter Weibull equation fi ts the data fairly well, although some deviation from the best-fi t line occurred at the high and low strength extremes. Table 2 shows a summary of the Weibull parameters values obtained using the Weibull plots (Figure 1) . Tapes with gauge length of 50 and 500 mm showed Weibull moduli of 45 and 59, respectively. As expected, the characteristic strength was found to decrease (but only slightly) as the gauge length increased from 50 to 500 mm. The measured Weibull moduli of all-PP tapes were much higher than those of conventional reinforcements such as glass 52 , carbon 53 or natural fi bres 51, 54, 55 and polymeric fi bres [46] [47] [48] .
Normally, typical values of the Weibull modulus vary between 5-10 for glass and carbon fi bres, 1.5-4 for natural fi bres and 8-20 for polymeric fi bres. The very high Weibull modulus of the all-PP tapes implies a more narrow strength distribution. This high value, in combination with the small decrease in the characteristic strength as the gauge length increased, indicates that all-PP tapes are much less sensitive to fl aws than glass, natural or even other polymeric fi bres reported in literature and does not seem to behave like a brittle Weibull-material at all. The data do however give a good insight into the strength variability of all-PP tapes in comparison with other fi bres, which is of use for the interpretation of strength and fatigue behaviour of all-PP composites.
One previous study 56 has used an Environmental Scanning Electron Microscope (ESEM) to investigate the surface structure of highly drawnhighly oriented tapes. Figure 2 shows the structure of a tape with a draw ratio of 15 at two magnifi cations, i.e. (a) low and (b) high, respectively. It can be seen from Figure 2a that a surface pattern had developed with an arrangement of transverse bands separated by worm-like structures. After etching, a regular alignment of holes parallel to the drawing direction was observed within the transverse bands, as shown in Figure 2b . In this work it was concluded that the transverse regions were fi brillated into regions of high density and low density, and that the tapes possessed a fi brillated structure over their whole width, which can be considered as a bundle of fi bres 56 .
A crack initiated in a high-density bundle meets with a low-density region (or hole). For further crack propagation, the crack has to be initiated again in the next high-density bundle and hence the low-density regions can be considered as potential crack-stoppers. This possibly explains the very low scatter in strength and the high values of the Weibull modulus obtained here, and is in agreement with earlier work, showing high Weibull moduli for highly oriented polymeric fi bres [44] [45] [46] .
As mentioned before, this behaviour is expected to have a further effect on the fatigue response of all-PP tapes and all-PP composites. Figure 3 shows the obtained Weibull plots for consolidated woven specimens (Figure 3a : BP-all-PP and Figure 3b : VB-all-PP), while in Table 3 a summary of the Weibull parameters is given. Although the 
Figure 3. Cumulative Weibull probability plots for the tensile strength of (a) BP-all-PP and (b) VB-all-PP woven composites. The Weibull modulus, w, is the slope of the accumulated distributions, and the scale parameter o is calculated from the x-intercept at y=0
obtained Weibull modulus for the case of consolidated composites is lower (approximately 24) than that of single tapes, this value is still quite high, giving an indication that both belt-pressed and vacuum-bagged specimens present a quite narrow distribution in strength. Furthermore, it is important to note that belt pressed and vacuum-bagged specimens have almost the same Weibull modulus, which means that both manufacturing techniques have the same level of reproducibility, even if their effi ciency in terms of mechanical properties differs a lot. This can be explained by the fact that the Weibull modulus is an inherent property of the reinforcing elements since it is connected to the failure mode of the fi bres. From these results, the scatter band in the early fatigue stage of consolidated composites is expected to be low and should be mainly attributed to the consolidation of the specimens, not to the tape strength distribution.
Fatigue Response of PP Tapes and All-PP Composites
The fatigue response of PP tapes (S-N curve) is shown in Figure 4a .
In addition, a micrograph of the macroscopic failure of the tapes after fatigue is presented in Figure 4b . As mentioned in paragraph 3.1, the PP tapes consisted of 90 wt.% oriented phase, therefore they were considered as highly oriented polymer fi bres. Highly drawn PP tapes possess a highly fi brillar character which is refl ected in their fatigue response. Figure 4 confi rms this consideration, since it shows a typical S-N pattern common to highly oriented polymers. In this pattern the initial stage, in which considerable structural change takes place at a relative high rate and thus the curve decreases at a relatively low rate, is absent. However, Stages A and B are not always separable. Stage B, in which the curve shows an approximately linear decrease with the logarithm of N, appears from the beginning of the fatigue test. This is mainly due to the fact that the PP tapes tested here were highly oriented and there was not so much capacity for further orientation and structural changes during Stage A of fatigue, which usually occur in the amorphous phase of the fi bres 18 .
Thus, fatigue rupture most likely occurs due to repeated sliding motions of the fi brillar elements, which damage the interfi brillar bonding. But fatigue rupture can also be caused by rupture of tie chains in the amorphous regions of the macromolecules 18 . The fatigue limit of PP tapes is observed to be at stresses as high as 400 MPa, which represents around 65% of the UTS of the material and is high compared to values obtained with other highly oriented polymer fi bres [14] [15] [16] [17] [18] .
Furthermore, the fatigue properties of all-PP composites were tested using belt-pressed (BP) and vacuum-bagged (VB) all-PP specimens. Figure 5 demonstrates the fatigue response of these materials as a function of the number of cycles to failure. The fi rst observation that can be made is that both specimens behaved similarly under fatigue, with the only difference at a fi rst approximation being that the curve of the VB-all-PP specimen was shifted to lower stress levels. It is therefore confi rmed that consolidation pressure has a great infl uence on the fatigue response of all-PP woven composites. This result was expected, since it was already known that consolidation pressure, especially when reduced to as low as 0.1 MPa, has a very strong effect on the static properties and failure process during static loadings 9, 11 . Acoustic emission (AE) results 9 show that there is a large effect of consolidation pressure on the initiation of damage through delaminations, which are more extensive and occur earlier in VB-all-PP composites. This is the reason for the shift of the fatigue curve to lower values in VB-all-PP composites.
It is interesting to note, however, that the consolidation pressure did not seem to alter the ultimate failure mechanisms during fatigue, since both BP-all-PP and VB-all-PP specimens had the same course to failure. This observation will be discussed further in a separate paragraph of this paper dedicated to damage development in all-PP composites. The second interesting result is that the random fi bre breakage mechanism of Stage A, usually observed in polymer composites, was totally absent and the progressive fatigue damage mechanism (Stage B) was immediately operative.
Two main reasons are responsible. The fi rst is clearly related to the very narrow strength distribution of all-PP tapes as discussed earlier and Stage A, which is associated with the scatter band in the fi bre properties, diminishes. Next, previous observations on the example of GF/PP composites have shown that when the matrix of the composite system is ductile, the fi rst region of fatigue tends to disappear anyway because the fi bre bridging crack-arresting mechanism are not active or at least less effective 22, 23 .
For both BP-all-PP and VB-all-PP specimens, the endurance limit was found to be at about 64% of the UTS of each specimen. It differed however in its absolute value, which in the case of the BP material was at around 125 MPa while in VB-all-PP material it was 90 MPa.
Fatigue Response of All-PP Composites at Elevated Temperatures
Another very important characteristic of polymers in general and therefore also all-PP composites is their temperature dependent behaviour. This will mean that the service temperature will have a dominant role on the fatigue behaviour of all-PP composites. Data from previous studies showed that the static tensile strength of all-PP composites 9,10 showed a signifi cant decrease at 80 °C (Figure 6) . In order to investigate the infl uence of temperature on the fatigue behaviour of all-PP composites, the fatigue of BP-all-PP composites has been tested at 80 °C. From the resulting curve (Figure 7) a continuous reduction in the fatigue lifetime is shown with the stress level, or in other words, as the stress level during fatigue increases the fatigue life at high temperatures is steadily decreasing. The slope of the S-N curve was much steeper than that of BP-and VB-all-PP specimens at room temperature. The endurance limit was about 50 MPa, which represents 30% of the UTS of the material at 80 °C.
For a direct comparison of the fatigue behaviour of PP tapes with all-PP composites (BP-and VB-all-PP at RT, and BP-all-PP at 80 °C), a normalised "S-N" curve was created and their behaviour was presented in a single graph. The stress was normalised over the UTS of each material and plotted against the number of cycles to failure. From this plot (Figure 8) , speculations about the underlying mechanisms leading to fatigue can be made. The fact that the curve of the tape almost coincided with those of the BP-all-PP and VB-all-PP specimens at RT suggests a similar strength reduction rate for all specimens, which indicates that similar fatigue mechanisms prevailed. This means that there was no tape-governed crack growth through subsequent layers, and the fatigue life of the materials depended mainly on the fatigue characteristics of the tape. As already seen from the fatigue response of consolidated composites, stated in previous parts of this work, interface/ delamination damage occurs.
However this damage does not seem to be critical for the ultimate failure of the composites. It is furthermore suggested that failure occurs when the strain to failure of the tapes is exceeded. The curve of BP-all-PP at 80 °C was obvious lower and this was mainly due to softening of the material (both matrix and reinforcement) as the temperature increased. Both strength and stiffness decreased as the temperature increased and this led to a rapid reduction in the fatigue life at elevated temperatures.
Residual Properties after Fatigue
One way to study damage development during fatigue is to measure the residual tensile properties of all-PP composites after fatigue. Furthermore, the degradation in properties with time, before ultimate failure, is signifi cant when considering real industrial applications. The load level is selected to be close to, but higher than the fatigue limit of the material, in order to promote damage initiation. Figures 9a and 9b show the residual strength and stiffness of BP-all-PP composites as a function of the number of cycles, respectively. From Figure 9a it is obvious that the residual strength after fatigue remained almost constant for low fatigue cycles, and was reduced only after 10 4 cycles. Nevertheless, even after 5 x 10 5 cycles the strength was around 85% of the UTS of the material. Figure 9b shows the residual tensile modulus as a function of the fatigue cycles. The reduction in stiffness after fatigue presented a similar trend to that observed for the strength, and the remaining modulus at 5 x 10 5 cycles was about 85% of the static tensile modulus. The fact that there was no signifi cant reduction in strength and stiffness after fatigue means that the damage in these specimens did not develop progressively. This was expected since the material tested here was well consolidated and the stress level of fatigue was low. It is therefore confi rmed that the crack initiation, crack bridging and crack propagation mechanisms which are operative in conventional composites even at low stress levels, are not operative in all-PP composites.
Damage Development in All-PP Composites
In order to further confirm the aforementioned observations and better understand the failure sequence in all-PP composites, the specimens were examined during and after fatigue and macroscopic pictures were taken of the failed specimens, as shown in Figures 10, 11 and 12. Previous investigations of the morphology of highly drawn-highly oriented PP tapes showed that these tapes possessed a fi brillated structure over their whole width, which can be considered as a bundle of fi bres. Figure 10a presents the surface of a BP-all-PP specimen and Figure 10b ,c and that of a VB-all-PP specimen after low stress fatigue, which in both cases did not result in failure, even after 10 6 cycles. From these fi gures the effect of consolidation pressure on the fatigue of all-PP composites is illustrated. Higher consolidation pressure (BP specimens) resulted in high resistance to fatigue, and deformation of the woven fabric was observed locally. However, this deformation did not result in delaminations as in the case of VB-all-PP specimens (see Figures 10b  and 10c) . These delaminations though were only observed in the outer layers of the consolidated specimen and are not suffi cient to cause failure.
As stress levels increase, fatigue damage progresses more rapidly, as seen in the S-N curves. Figure 11 confirms this progression, which leads to failure for both BP-all-PP (Figure 11a, b) and VB-all-PP (Figure 11c, d) specimens. Fatigue results in extensive delaminations, especially in VB-all-PP specimens.
Comparing Figure 11b with Figure 11d , a larger number of delaminations are associated with lower consolidation pressures. As mentioned above, the damage mechanism does not appear to be the same as that observed in conventional composites, i.e. fi bre breakage, debonding, matrix yielding, crack coalescence, and fi bre bridged cracking etc. 27, 30, [38] [39] [40] [41] . For both BPall-PP and VB-all-PP specimens, fatigue results in delamination of the material followed by tape breakage and entire failure of the specimen. As delaminations occur, fewer layers of the consolidated specimens are effectively loaded and at a certain point, all-PP tapes in the fabric are overloaded and fail. Finally, Figure 12 shows the damaged surfaces of BPall-PP (Figure 12a) and VB-all-PP (Figure 12b ) specimens after high stress levels. The fracture surfaces are very similar to those observed after static testing at relatively high speeds 9 . The strain limit of the all-PP tapes is exceeded and the specimens fail after few cycles, while the damage does not have time to progress.
Comparison with GMT and NMT
Previous studies showed that the mechanical properties of all-PP woven composites under static load compared well to those of other commercial PP composites such as glass mat reinforced PP (GMT) and a fl ax fi bre mat reinforced PP (NMT) 9 .
In this section, a comparison of these materials was made under fatigue loads. Clearly, one of the advantages of all-PP composites over GMT and NMT materials is the much higher reinforcement component (appr. 90% vs. 30%). The exceptionally high reinforcement content that originates from the tape structure is one of the keys to the success of these materials because PP tapes can never compete on a one-to-one basis with glass fi bres in terms of strength and stiffness. However, in the fi nal composite system this lower 'fi bre' performance is more then compensated by the much higher fi bre volume fraction, which is not achievable in traditional composites. The normalised S-N curves were plotted for the fatigue properties of BP-all-PP systems, GMT and NMT and can be found in Figure 13 . It is obvious that all-PP composites possess superior fatigue resistance, while GMT presents the highest reduction rate. The damage process during deformation of all-PP composites seems to be very different from that of glass fi bre reinforced PP.
Previous studies have reported on the onset of damage and the damage process by monitoring the acoustic emissions of glass fi bre reinforced PP during static measurements [57] [58] [59] . A direct comparison of the AE hits of GMT, glass fi bre woven composites and all-PP woven composites during tensile testing, is also available 9,12 .
Results from this study are presented in Figure 14 , which reveals that GMT and woven glass reinforced PP emit acoustic events at very low stresses until failure. This is perhaps due to their large scatter in fi bre strength, leading to early damage initiation and progression, combined with their relatively poor interfacial strength giving a combination of interfacial failure and fi bre breakage. Conversely, all-PP composites show a much smaller number of AE hits because of the more uniform strength of all-PP tapes, together with their excellent interfacial bonding. Also contributing to the lower number of AE hits of all-PP composites compared to glass reinforced composites is the lower number of larger reinforcing elements (tapes) in all-PP composites relative to the large number of smaller, reinforcing elements (glass fi bres) present in either GMT or woven glass reinforced PP.
As can be seen in Figure 14 , the same level of AE hits (for instance 2 AE hits per unit volume) is obtained in GMT composites and woven glass reinforced PP at lower stress levels (50 MPa and 120 MPa, respectively) than all-PP composites (200 MPa).
Using the AE results and information from the Weibull analysis of glass fi bres and natural fi bres obtained from the literature, it is easier to understand the damage progress during fatigue of all-PP, GMT and NMT composites.
Large scatter in the strength of glass and natural fi bres, early stage failure in GMT, fi bre breakage and poor interfacial strength make GMT and NMT more fatigue sensitive than all-PP composites, where failed fi bres do not appear until the fi nal stage of fatigue.
CONCLUSIONS
The tension-tension fatigue properties of PP tapes and all-PP woven composites have been studied here and the possible damage development mechanisms have been discussed. Both PP tapes and consolidated all-PP woven composites have quite high resistance to fatigue and their endurance limit is as high as 65% of their UTS. High resistance to fatigue of all-PP composites is linked to the low variability in strength of PP tapes and their good interfacial properties. In all-PP woven composites, failure occurs always through tape breakage, facilitated by delaminations. However, the level of consolidation is crucial in determining the extent of delaminations and the fatigue limit. Testing temperature is another important parameter for the fatigue behaviour of all-PP composites and the fatigue response is quite low at high temperatures. The fatigue limit of BP-all-PP composites tested at 80 °C is only 40% of the fatigue limit at RT due to softening of both matrix and reinforcing elements in all-PP.
The fatigue behaviour of All-PP composites was compared with that of commercial GMT and NMT composites, where the endurance limit varied between 30% and 40% of their UTS, respectively. This comparison shows that all-PP woven composites retain their properties better after fatigue, and this makes them feasible for applications where tension-tension fatigue is operative. Furthermore PP tapes (due to their fi brillated structure and their ductility) do not act as stress concentration points where cracks initiate and propagate, which is the case in fatigue of glass fi bre reinforced composites. Figure 14 . Acoustic emission of all-PP composites loaded in tension to failure compared to two commercial glass reinforced PP composites, showing that all-PP composites emit acoustic emission events at higher stresses than either of the glass reinforced PP composites. Data taken from 12 
